We propose a model to describe the low energy physics of partially composite Standard Model, in which the electroweak sector in the Standard Model is weakly coupled to some strong dynamics.
I. INTRODUCTION
The discovery of the Higgs boson at 125 GeV and the measurements of its production and decay rates strongly support the picture of the weakly coupled Higgs mechanism for the electroweak symmetry breaking. It is then important to (re)consider the origin of the Higgs field and its potential. The fact that the Higgs boson mass is much smaller than 4πv, where v = 246 GeV, tells us that, the dynamics behind electroweak symmetry breaking has a very good description in terms of the linear sigma model. in the dynamics, making the observed Higgs boson a partially composite particle. The picture that the Higgs field is weakly coupled to a TeV dynamics is particularly motivated in supersymmetric models where the simplest model, the MSSM, predicts the Higgs boson to be lighter than the Z boson at tree level. The partial compositeness explains why the Higgs boson is heavy while the new dynamics can possibly provide a mechanism to address the naturalness problem in supersymmetric models [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . See also Refs. [12] [13] [14] for earlier proposals of TeV scale supersymmetric dynamics with elementary Higgs fields. For more ambitious proposals to break supersymmetry by the same dynamics, see Refs. [15] [16] [17] . In these works, it has been assumed that the dynamics rather than the Higgs VEV is the main source for the electroweak symmetry breaking. Although such a situation is now severely constrained by the electroweak precision tests, the framework is still an attractive possibility by focusing on a different region of the parameter space where the Higgs VEV is the main contribution to the W boson mass. For proposals and studies of non-supersymmetric models, see [18] [19] [20] .
In the TeV dynamics we consider, there should be Higgs-like operators which can couple to the elementary Higgs field. This indicates that the dynamical sector has SU(2) L ×U(1) Y as a part of the global symmetry just as in QCD. We, therefore, expect that there are resonances, W and Z , which couple to the SU(2) L ×U(1) Y current, such as the ρ meson in QCD. Without specifying the actual dynamics, one can construct an effective theory of vector resonances W and Z as the gauge bosons of spontaneous broken gauge theory analogous to the Hidden Local Symmetry [21] [22] [23] [24] in QCD. In the partially composite Higgs framework, we expect that the vector resonances appear at a TeV energy scale, which is within the reach of the LHC experiments.
In this paper, we construct an effective theory of the W /Z sector which couples to the Standard Model Higgs boson. The Higgs operators which give masses to W /Z can mix with the Standard Model Higgs boson, and triggers the electroweak symmetry breaking. We first examine the constraints from the electroweak precision tests, and see which region of the parameter space is allowed. We then reinterpret the results of the searches for W /Z in the sequential Standard Model at the LHC to the constraints on W /Z in the model. We see that the LHC experiments give stronger constraints than the precision tests in some parameter regions. The properties of the Higgs boson are modified by the partial compositeness. We examine whether such modification is allowed by the present data. For example, we find that there are parameter regions where the strong sector components of the Higgs boson is as large as 30 %.
Our work is closely related to Ref. [25] where phenomenology of the models with W /Z is studied motivated by the framework of the Higgs boson as a pseudo Nambu-Goldstone boson [26, 27] . There, a scalar particle is added to the non-linear sigma models of W /Z and discuss the constraints from the electroweak precision measurements and from the LHC data. We, on the other hand, construct a linear sigma model to describe W /Z resonances and couple the Higgs field to it. Compared to the work in Ref. [25] , we do not need to assume relations among parameters motivated by the restoration of the perturbative unitarity, and all the physical quantities are, in principle, calculable. In the linear sigma model, we find that there is an important parameter, r, which describes the parity violation in the dynamical sector. We see that the constraints from the precision measurements prefer a large parity violation, and in such parameter regions, the searches for W /Z at the LHC experiments become more important.
II. MODEL

A. Lagrangian
We construct a model to describe the W and Z bosons as the gauge bosons of new SU (2) gauge interactions. The full gauge symmetry is, therefore, SU(3)×SU(2) 0 ×SU(2) 1 ×U(1) 2 , where SU(3) is QCD, and remaining parts are the electroweak sector. The SU(2) 1 gauge factor is the one which is analogous to the HLS in QCD, and thus we assume its gauge coupling is much larger than those of SU(2) 0 and U(1) 2 . We also assume that all the quarks and leptons are elementary. They do not carry SU(2) 1 charges although they eventually couples to W /Z through mixing. The left-handed fermions are fundamental representation of SU(2) 0 , and the right-handed fermions are singlet. All the fermions have appropriate U(1) 2 charges to reproduce the electric charges.
Three Higgs fields, H 1 , H 2 , and H 3 , are introduced for the electroweak symmetry breaking. The vacuum expectation values (VEVs) of H 1 , H 2 , and H 3 break SU(2) 0 ×SU(2) 1 , SU(2) 1 ×U(1) 2 , and SU(2) 0 ×U(1) 2 , respectively. Table I . We show a schematic description of the model in Fig. 1 by using the moose notation [29] . The model is simply the Standard Model added by H 1 , H 2 and the SU(2) 1 gauge fields.
Each Higgs fields contains four real scalars, and six of them are eaten by the gauge bosons.
So the six (= 4 × 3 − 6) scalars remain as physical degrees of freedom. This is the minimal model for the partially composite Higgs boson. Note that if we did not consider partial 1 The same symmetry breaking pattern is studied in Ref. [28] in the top triangle moose model. compositeness with the same gauge symmetry, two Higgs fields would be enough to break the symmetry [30] [31] [32] [33] [34] . In such models, physical charged scalar bosons are absent. However, in our setup, there are charged and CP-odd scalars as well as CP-even scalars. The existence of the charged and CP-odd scalar bosons are distinctive feature of our model compared to other SU(2) models.
The models without H 3 are strongly constrained from the S/T parameters. It has been observed that such constraints get significantly weaker when the SM fermions are charged under SU(2) 1 , i.e., where SM fermions are composite [35] [36] [37] [38] [39] . Such models, if they exist, are subject to the constraints from searches for FCNC/CP non-conservations. In this paper, we take a more conservative approach that the SM fermions are all elementary and there is a fundamental Higgs field which give masses to fermions through the Yukawa intereactions,
so that the well-tested CKM theory is not modified. The Lagrangian is given as follows:
As we will discuss in Sec. III A, the relation between v and the Fermi constant is the same as the one in the Standard Model, the dynamical sector. The ratio r is an important parameter in later discussion. In QCDlike technicolor theories, r = 1 is predicted due to the parity conservation. As we see later, the model with r = 1 is severely constrained by the electroweak precision tests.
The limits r = 0 and r → ∞ are other special points where parity (H 1 ↔ H 2 ) is maximally violating. Such points can be the minimum of the potential when κ = 0, where an axial U(1) symmetry, which is the one used to eliminate the term in Eq. (14), is enhanced. For r = 0 or r → ∞, which means v 2 = 0 or v 1 = 0, the U(1) symmetry remains unbroken, and thus there is no massless Nambu-Goldstone boson in the spectrum. This vacuum realizes the Standard Model limit of the model, where there is no mixing between W/Z and W /Z , and H 3 is the only source of the electroweak symmetry breaking (v 3 = v). When a small κ parameter is turned on, one can naturally realize r 1 or r 1. Since such parameter regions are close to the Standard Model limit, the constraints from the electroweak precision tests are not very severe. However, as we will see later, the searches for W /Z at the LHC experiments become important in such parameter regions.
The parameter r is related to the custodial symmetry: the symmetry between W (W ) and Z(Z ). The custodial symmetry becomes a good symmetry for a small r. This can be understood by the nature of W and Z . For r 1, both W and Z mainly originate from SU(2) 1 , whereas for r 1, Z has a large U(1) 2 fraction which W does not have. We will explicitly see this feature, for example, in Sec. III B.
In general, demanding the vacuum in Eq. (15) as a extremum of the potential, we obtain the following relations:
For the stability of the potential at a large value of the Higgs fields, the following relations should be satisfied:
We will also see that
is required from the local stability when v 1 , v 2 , v 3 = 0.
B. Higgs mass
From the Higgs potential, we can read off the following mass terms for the physical scalar particles.
charged Higgs sector
The mass matrix of the charged Higgs fields is given by
where
The fields π W ± and π W ± are would-be NG bosons which are eaten by W and W respectively. The relation between mass eigenstates and gauge eigenstates are
neutral CP odd Higgs sector
The mass matrix for the CP-odd scalar fields is given by
The physical CP-odd Higgs boson has the same mass as the charged Higgs boson given in Eq. (24) . The fields π Z and π Z are would-be NG bosons which are eaten by Z and Z respectively. The relation between mass eigenstates and gauge eigenstates are
where w (26)- (28).
neutral CP even Higgs sector
The mass matrix for the neutral CP even Higgs bosons is
The relation between mass eigenstates and gauge eigenstates are
We define h as the lightest one and thus m h =125 GeV. Note that |w h | = 0. Our focus is partially composite h, i.e.,
C. Gauge sector
The mass terms of the gauge bosons are
The gauge boson masses are the eigenvalues of these mass matrices. In the g 1 g 0,2 region, we find
We can find the expressions of w i X by diagonalizing the mass matrices. We find some relations among parameters. A naive relation among m W and m W is
But there is actually a more stringent bound:
We can use this relation to find the lower bound on r,
We find another relation,
We derive Eqs. (47) and (49) in Appendix C.
D. couplings
In this section, we calculate the coupling constants between mass eigenstates. Since many of their expressions are complicated, we use the approximation which are valid when g 1 g 0 . We do not use this approximation in the numerical calculations performed later.
h-f -f couplings
The h couplings to the fermions, and the fermion masses are given as We introduce κ f as the ratio of this coupling to the one in the SM,
Since (36)). The choice is phenomenologically favored since the signal strengths around 125 GeV in both ATLAS and CMS look consistent with the SM Higgs boson.
V -f -f couplings
The gauge boson to fermion couplings are given by
and where s Z and c Z is defined through
The Higgs boson couplings to the gauge bosons are given as follows.
Here we ignored O (m 
The g V V h couplings are also calculated to be:
From these expressions, we see that the difference between W (W ) and Z(Z ) becomes larger (smaller) when r > 1 (r < 1).
h-H − -H + couplings
The coupling between the Higgs boson and the charged Higgs bosons are
(65) Here we assume m
. We define κ H ± as follows;
Finally, the triple gauge boson vertices are given by
We find the V V V couplings are suppressed by (m W /m W ) compared to the W W Z coupling.
III. CONSTRAINTS ON W AND Z
A. Constraints from electroweak precision measurements
In this section, we discuss the electroweak constraints. Due to the existence of the extra gauge bosons, W and Z , the parameters such asŜ are non-zero at tree level, and gives a severe constraint on the model because these parameters are measured to be at most as small as of order the one-loop level.
To calculate the electroweak parameters,Ŝ,T ,Û , W , and Y (see Ref. [40] for definitions),
we calculate the quadratic terms of gauge bosons in the momentum-space effective action.
They are written as
and Π xy = Π yx . We consider only g µν terms. Since W 1 is decoupled from the fermion sector, we integrate it out. Then the quadratic terms become
Their explicit expressions are given in appendix B. In a similar manner, we can calculate the charged sector, and we find Π W 1 W 1 (q 2 ) = Π W 3 W 3 (q 2 ). ThereforeT =Û = 0 in this model.
Using the definition given in Ref. [40] , we find 
The confidence ellipse is given as
and where
7.77944 (90% CL)
9.48773 (95% CL)
(99% CL)
.
The set of parameters should be in this ellipse.
There are three parameters relevant for the calculations, g 1 , r ≡ v 2 /v 1 , and v 3 . The rest of parameters such as g 0 , g 2 , and v 1 (or v 2 ) are fixed so that α, M Z , and G F are correctly reproduced. Numerical results are shown in Figs. 2-4 , where we take the mass For r = 1, corresponding to the parity conserving model for the dynamical sector, one can see that the gauge coupling constant g 1 needs to be large such as g 1 ∼ 10 in order to evade the electroweak constraints (See Fig. 2 ). With such a large value, the tree level analysis becomes not reliable. On the other hand, for r 1 or r 1, there can be consistent parameter regions with g 1 much smaller than 4π (See Figs. 3 and 4) . This suggests that the dynamical sector is either parity violating, such as chiral theories, or a theory which does not provide a particle picture for the vector resonances, unlike the QCD. W is almost fermiophobic, its main decay mode is W → W Z. We, therefore, consider constraints from both processes: pp → W → W Z, pp → W → ν, and pp → Z → . to couplings squared,
In the large r region, productions of W are suppressed but Z is enhanced. Hence Z , rather than W , is expected to give stronger bound on parameter space in the large r region. On the other hand, both give similar bounds in small r region. Notice that this difference between W and Z is due to large breaking of the custodial symmetry as we discussed in Sec. II.
We show the cross sections of W and Z via Drell-Yan production at LHC in Fig. 5 . The r dependence discussed here is now apparent in the left column in this figure.
The partial decay widths of W and Z are
Here we keep leading terms in the (m W /m W ) expansion. We find that Γ(Z → W W ) Γ(W → W Z) and Γ(Z → Zh) Γ(W → W h) in this approximation. To see which of bosonic and fermionic decay modes is more important, we take their ratio: constraints might be weaker because they change the total decay width.
The numerical results are shown in Figs. 2-4 as blue lines. In a large parameter space, the electroweak precision test gives stronger bound. The exceptions are regions with large and small r, that is where g 1 can be small. Since the W /Z to fermion couplings are induced by the gauge boson mixings of order g 0 /g 1 , the production and decay rates are enhanced for a small g 1 . In these regions, the LHC experiments is starting to give stronger bounds than the electroweak precision tests (see Fig. 3 ).
IV. SIGNAL STRENGTH OF 125 GEV HIGGS
The lightest Higgs boson h is a mixture of H 1 , H 2 , and H 3 , and thus the properties are modified from the Standard Model predictions. We here discuss the production/decay properties of h. We start off by calculating ratios of partial decay widths. In the processes which exist at tree level, they are given as the ratio of the corresponding couplings given in Sec. II D;
We also define κ's for the loop induced processes:
The diagrams which contribute to κ 2 g are the same as those in the Standard Model. The only difference from the Standard Model is the h couplings to the SM fermions which is given as κ f . Hence
κ γ is more complicated because W and H ± contribute to the process as well. The partial decay width for h → γγ is given as
Here we take m h 125 GeV. Then we have
There are four terms in Eq. (111): The first term consists of top quark contribution and a part of W contributions. The second terms is the charged scalar contribution. The third term is a part of W contributions. The fourth term is the W contribution. We take v 3 as same order as v to keep the perturbativity of the Yukawa coupling. Then we find that the charged scalar contribution is negligible. As long as we take partially compositeness condition in Eq. (36) , the third term is negligible. On the other hand, the fourth term can be visible because its denominator becomes small for v 3 ∼ v. Since the fourth term highly depends on r, r dependence of κ γ is large. We can calculate signal strengths by using κ's.
(113)
Here we calculate Br SM h→X with m h = 125 GeV. Since we take v 3 ∼ v and |w
r dependence is only in κ X . Therefore, the r dependences of κ γ , κ f , and κ W/Z are large, absent, and weak, respectively. Another important feature is the m W dependence. We find that m W dependence is absent at the leading order. These features are shown in Fig. 7 . In We also show the signal strengths on (w 1 h , w 2 h )-plane. We take v 3 = 200 GeV, m W = 2500 GeV, and r = 0.1 in Fig. 8 . 4 We find that w to such points can naturally be realized since it is controlled by a soft breaking term of an axial U(1) symmetry, κ, in the potential. In such a vacuum, e.g., r ≡ v 2 /v 1 5 or r 0.2, we find that a relatively small g 1 , in which perturbative calculation is valid, is consistent with the electroweak precision tests. On the other hand, the searches for W /Z at the LHC experiments become important for small g 1 . The consistencies with these experimental results are telling us information on what type of dynamics is behind the electroweak symmetry breaking. For example, r = 1 implies parity violating theories unlike QCD-like technicolor models.
We have calculated the signal strength of gg → h → X at the LHC, and found the Higgs boson at 125 GeV can be partially composite by, for example, 30%, whereas all other constraints are satisfied. If there is a significant composite components in the W/Z bosons, the Higgs fields should also be partially composite to reproduce the signal strength measured at the LHC. The deviation from the Standard Model predictions should be visible in future experiments.
